Keywords: Fura-2, Acetoxymethyl ester of fura-2, Vascular smooth muscle, Tracheal smooth muscle Fura-2 is a fluorescent Ca" indicator that has been widely used to measure cytosolic Ca 21 level ([Ca 21]) in various types of cells and tissues (1) , with little effect on physiological functions such as muscle contraction (2) (3) (4) and platelet aggregation (5) . Fura-2 is a hydrophilic sub stance that does not easily cross the cell membrane. To load the cells with fura-2, a lipophilic derivative of fura-2 has been developed by adding acetoxymethyl (AM) radi cal (1) . The AM radial is removed by esterases in the cell, and fura-2 stays in the cell. After the loading period, the cells are transferred to a test solution without fura-2/AM, and then measurement of [Ca2+]; is started. During this period, fura-2 in the cell gradually leaks out of the cell. The concentration of fura-2 in the cell ([fura-2];) is sup posed to be determined by the rates of influx and efflux of fura-2/AM, rate of cleavage of AM radical, and rate of loss of fura-2. However, because there is little informa tion on the movement of fura-2 in smooth muscle, we have performed the present experiments to characterize this.
MATERIALS AND METHODS
The thoracic aorta was isolated from male Wistar rats (approximately 250 g) or male New Zealand white rabbits (approximately 3 kg). They were cut into 2-mm-wide, 7 mm-long spiral strips. Endothelium was removed by gent ly rubbing the intimal surface with a finger moistened with physiological salt solution (PSS). The adventitial layer of the rabbit aorta was removed from the medial (smooth muscle) layer as described by Karaki and Ura kawa (6) . Bovine trachea was obtained from a local abat toir and transported at 41C to our laboratory within 60 min. Epithelium, cartilage and connective tissue were re moved, and the smooth muscle layer was cut into 2-mm wide, 7-mm-long strips. PSS contained: 136.9 mM NaCl, 5.4 mM KCI, 5.5 mM glucose, 23.8 mM NaHCO3, 1.5 mM CaC12, 1.0 MM MgC12, and 0.01 mM ethylenedi amine tetraacetic acid (EDTA). This solution was satu rated with a mixture of 95 o 02 and 5% CO2 at 37C and pH 7.4. The high K+ solution was made by substituting NaCl with equimolar KC1.
Muscle strips from rat aorta were treated with 5 pM fura-2/AM in the presence of 0.02% cremophor EL for 3 hr at room temperature (23-251C). For the strips from rabbit aorta and bovine trachea, however, a longer incu bation was necessary to sufficiently load fura-2. We found that the treatment of these muscle strips with 5 pM fura 2/AM overnight (approximately 12 hr) at 41C in the presence of 0.02% cremophor EL was the best condition for fura-2 loading. We adopted a low temperature (41C) to avoid bacterial contamination. The muscle strip was illuminated alternately (48 Hz) with two excitation wavelengths (340 nm and 380 nm) and the amount of 500 nm fluorescence induced by 340 nm excitation (F340) and that induced by 380 nm excitation (F380) were measured with a fluorometer (CAF-100, Japan Spectroscopic, Tokyo), as described by Sato et al. (7) . At the end of the experiments, ionomycin (10 pM) and MnZ+ (5 mM) were added to quench fura-2 fluorescence and to measure the endogenous fluorescence of smooth muscle tissue. F340 and F380 at the start of the experiment were taken as 100%, and those in the presence of ionomycin and Mn2+ were taken as 0% (see Figs. 1 and 6 ). In the presence of ionomycin and Mn2+, 30-50% of the total F340 and 40-60% of the total F380 were still remaining in rat aorta which may be due to endogenous fluorescent substances in smooth muscle tissue.
Leakage of fura-2 from the tissue was determined by two methods. The first method was to measure F340 and F380 in the tissue and the rate of decrease of the intensity was determined. The second method was to measure the fura-2 leaked out of the tissue. In this experiment, 5 strips of the fura-2-loaded tissues (total of 20-40 mg wet weight) were used in each experiment to increase the amount of fura-2 in the washout solution. Muscle strips were washed with 2 ml PSS every 10 to 30 min, and the amount of 500 nm fluorescence in PSS was measured with a spectrofluorometer (FP-2060, Japan Spectroscopic). The amount of uncleaved fura-2/AM in this solution was determined by quenching the fura-2 fluorescence by the addition of 5 mM Mn2+. At the end of the washout period, muscle strips were transferred to distilled water and sonicated to extract all the fura-2 and fura-2/AM in the tissue. The concentration of fura-2 or fura-2/AM in PSS and the muscle strip was determined by comparing their fluorescence with standard fura-2 or fura-2/AM fluorescence. Concentrations of cytosolic fura-2 and fura 2/AM at the beginning of the experiment were calculated by adding the amounts in the washout solution and the tis sue. The desaturation (efflux) curve for fura-2 was con structed from this result.
Fura-2/AM, fura-2, EDTA (Dojindo Laboratories, Kumamoto), cremophor EL (Nacalai Tesque, Kyoto), ionomycin (Hoechst Japan, Tokyo), and probenecid (Sigma Chemicals Co., St. Louis, MO, USA) were used.
Results of the experiments are expressed as the mean±S.E. Figure 1 shows the changes in F340 and F380 in the strips of rat aorta (left) and bovine trachea (right). In both types of muscles, basal levels of F340 and F380 showed a slow and steady decrease, as has been reported previously (3) . Addition of 72.7 mM KCl increased F340 and decreased F380 and, as a consequence, increased the F340/F380 ratio. These results suggest that the changes in the fura-2 fluorescence are due to changes in [Ca2+];. The decrease in the fluorescence in rat aorta was faster than that in bovine trachea. After a 60-min incubation in PSS, F340 and F380 in rat aorta did not change in opposite directions, although the F340/F380 ratio still increased on the addition of high K+. To determime the reason for the decrease of fluores cence in the tissue, the rate of leakage of fura-2 from the fura-2-loaded tissue was examined. Figure 2A shows the calibration of fluorescence due to 5 50 nM fura-2 in PSS. It is shown that fura-2 induced a concentration-de pendent increase in fluorescence with an excitation peak at 340 nm. Mn2+ (5 mM) completely quenched the fura-2 fluorescence but not the fura-2/AM fluorescence (data not shown). Figure 2B shows the fluorescence leaked out of the fura-2-loaded rat aorta. It was shown that although 5 mM Mn2+ decreased the fluorescence, there is a Mn2+-in sensitive fluorescence with an excitation peak at 360 nm which represents fura-2/AM fluorescence. Part of this fluorescence may also be due to the decomposition product of fura-2 (8). These results suggest that not only fura-2 but also fura-2/AM leaked out of the tissue. The Mn2+-insensitive fluorescence was not observed 35 min af ter beginning the washout (data not shown). The cytosolic fura-2 level at the start of the washout, calculated from the results in Fig. 2B , was 24.3:h6.9 pM (n =15) in rat aorta, 32.0 ± 10.6 pM (n = 6) in rabbit aorta and 16.7 ± 3.9 pM (n = 4) in bovine trachea. These values are consistent with the previous findings in intestinal smooth muscle (9) and platelets (5, 10). The amount of fura-2/AM at the start of the washout was estimated to be approximately 12 pM in rat aorta, 12 pM in rabbit aorta and 3 pM in bovine trachea. Desaturation curves for fura-2/AM and fura-2 were constructed from the results in Fig. 2B . Resulting curves are shown in Fig. 3 . In all the tissues examined, the decrease of [fura-2], was relatively slow at the start of the washout and became gradually faster with time; the overall decrease was fastest in rat aorta followed by rab bit aorta > bovine trachea. In contrast, the decrease of [fura-2/AM]; in these tissues are almost identical. Figure 4 shows the effects of low temperature (25 *C) and an inhibitor of organic anion transport, 2.5 mM probenecid, on the loss of fura-2 in rat aorta. Under these conditions, fura-2 leakage was decreased. In the fura-2 loaded rat aorta, it was also found that the decrease of both F340 and F380 were inhibited by 1 mM probenecid or low temperature (261C, n=4, data not shown). Figure 5 indicates that the Ca 2+ ionophore ionomycin (10 pM) increased the leakage of fura-2 in high K+ solu tion, which was not inhibited by 2.5 mM probenecid. High K+ alone did not change the loss of fura-2 (data not shown). Figure 6 indicates the effect of ionomycin on F340 and F380 in rat aorta. As shown in Fig. 6 , 1 pM ionomycin in creased F340 and decreased F380 (left). Sequential addi tion of EGTA reversed the changes in F340 and F380. Figure 6 shows the effects of a higher concentration (10 pM) of ionomycin for a prolonged exposure period (right). It was shown that although 10 pM ionomycin ini tially increased F340 and decreased F380, it then gradual ly decreased both F340 and F380. Sequential addition of 4 mM EGTA caused only small changes in F340 and F380, suggesting the decrease in the total amount of fura 2 in the cell.
RESULTS

DISCUSSION
Although fura-2 is a useful intracellular Ca" indica tor, relatively rapid leakage of fura-2 from cells is one of the problems with this indicator. A similar problem has been reported with another Ca2+ indicator, quin 2 (11) . Maintaining the intracellular fura-2 concentration above a certain level is a prerequisite for overcoming the in fluence of endogenous fluorescence which interferes with the fura-2 fluorescence (3). Furthermore, increase in the extracellular fura-2 concentration due to fura-2 leakage in creases fluorescence in the medium and interferes with the measurements of intracellular fluorescence.
In the present experiment, we measured the change of ; k, is the rate constant for fura-2/AM uptake; k2 is the rate constant for fura-2/AM efflux; k3 is the rate constant for cleavage of AM radical by esterases; and k4 is the rate constant for fura-2 efflux.
[Fura-2/AM]; at the end of the loading period is esti mated by assuming that fura-2/AM is taken up by the cell by passive transport. Total [fura-2/AM]; was estimated to be 3 -12 pM in the presence of 5 pM [fura-2/AM]o. Con sidering the methodological limitations of the determina tion of fura-2/AM, we considered that [fura-2/AM]; is almost identical to [fura-2/AM]o.
The amount of fura-2/AM in the cell during the washout period is determined by the sum of two process es, both of which decreases [fura-2/AM];: leakage of fura-2/AM from the cell (k) and cleavage of AM radical (k3). The results in Fig. 3 indicate that the rates of decrease of fura-2/AM (sum of k2 and k3) in these tissues are almost identical. It was also found that only less than 10% of fura-2/AM is remaining in the cell 30 min after the beginning of washout, suggesting that cleavage of fura-2/AM almost ends around this point in time. Fur ther analysis of the curves was not possible because of the scarcity of the experimental points.
[Fura-2]; at the start of the washout (16-32 pM) was higher than [fura-2/AM]0 (5 pM), suggesting that fura 2/AM is cleaved to fura-2 and stayed in the cell during the loading period and that the rate constant for fura-2/AM uptake (k,) is greater than that for cleavage (k3). During washout, [fura-2] ; is determined by the production of fura-2 by the cleavage of fura-2/AM (k3) and the leakage of fura-2 from the cell (k4). Cleavage of fura-2/AM (k3) continues for approximately 30 min during the washout period, and this may be part of the reason why the desatu ration curve for fura-2 in Fig. 3 was convex in the upward direction. Since fura-2 efflux curve did not reach a single exponential until 60 min or later during the washout, the convex shape can not be explained solely by the cleavage of fura-2/AM. Although we did not examine the mecha nism, one possibility is that the leakage of fura-2 (k4) is due to a saturable process: when [fura-2]; is high, leakage of fura-2 is saturated and a constant amount of fura-2 leaked out of the cell, resulting in a convex in the upward direction. When [fura-2]; decreased to a certain level, fura-2 leakage is regulated by [fura-2];, and therefore, the desaturation curve follows an exponential decrease. It is also suggested that k4, which mainly determines the fura 2 efflux after a 60 min washout, is greatest in rat aorta fol lowed by rabbit aorta and bovine trachea.
Previously, we have found that the period of time dur ing which we can measure the intracellular fura-2 fluores cence was less than one hour in rat aorta (7), 1.5 2 hr in rabbit aorta and longer than 2 hr in bovine trachea (M. Mitsui et al., unpublished observation) . In the present ex periments, we found that this difference is not attribut able to [fura-2] , at the start of the experiment, but to the rate of leakage of fura-2. Rat aorta lost fura-2 most rapid ly, followed by rabbit aorta and bovine trachea. Compar ing the amount of fura-2 in the tissue (Fig. 3) and the max imum period of time for successful measurement of fluorescence, it is suggested that the measurement of [Ca"]; is not possible when the intracellular fura-2 is decreased to 10% of the initial level under our experimen tal conditions. It has been shown that fura-2 leakage was inhibited by the anion transport inhibitor probenecid (12) or by low temperature (13) . We confirmed that both probenecid and low temperature decreased the fura-2 leakage in smooth muscle. It was also found that low temperature is more effective than probenecid for inhibiting the leakage of fura-2 (Fig. 4) . These results suggest that fura-2 leakage is at least partly due to an organic anion transport system. Although probenecid does not affect the changes in [Ca 2+]i (12, 14) , we found that it inhibits contractions in duced by various stimulants in rat aorta (data not shown). Low temperature also affects various functions of the cells including smooth muscle contraction. Thus, neither probenecid nor low temperature are suitable for decreas ing fura-2 leakage in experiments measuring [Ca 2+]; and muscle tension simultaneously.
Rat aorta accumulated a sufficient amount of fura-2 for
[Ca 211i measurements in a shorter incubation period than that needed for rabbit aorta or bovine trachea. One of the possible explanations for this difference is that cleavage of fura-2/AM (k3) is fastest in rat aorta. However we did not do further analysis because loading and washout were per formed at different temperature, which may differently affect the rate constants of different processes. Ionomycin has been used for intracellular calibration of Ca' by increasing the Ca' permeability of the cells (8, 13) . In the present experiments, we found that 1 pM ionomycin increased Ca 2+ permeability, whereas a higher concentration (10 pM) also increased the permeability to fura-2 (Figs. 5 and 6 ). This increase was not inhibited by probenecid. In separate experiments, we observed that 1 pM ionomycin induced a sustained contraction in rat aorta. In contrast, 10 pM ionomycin induced a contrac tion that was greater than that induced by 1 pM ionomy cin, and then this contraction was followed by a spontane ous relaxation to the resting level. Addition of high K+ and other stimulants did not induce contraction in the muscle pretreated with 10 pM ionomycin (M. Mitsui et al., unpublished ovservation). These results suggest that 1 pM ionomycin does not fully increase membrane permeability to Ca2+, whereas 10 pM ionomycin non selectively increases membrane permeability and inhibits contractions during a prolonged incubation period. It has been shown that the ionophore A23187 disrupts the cytoskeleton, makes blebs in the plasma membrane and kills hepatocytes (15) . Ionomycin at higher concentra tions may have similar effects in smooth muscle cells.
In conclusion, it is suggested that intracellular fura-2 leaks from smooth muscle mainly by an anion transport system, and there seems to be tissue and species differ ences in the rate of leakage.
